Study Objectives: Following extubation in the intensive care unit (ICU), upper airway (UA) edema and respiratory depressants may promote UA dysfunction. We tested the hypothesis that opioids increase the risk of sleep apnea early after extubation. Methods: Fifty-six ICU patients underwent polysomnography the night after extubation. Airflow limitation during wakefulness was identified using bedside spirometry. Correlation and ordinal regression analyses were used to quantify the effects of preextubation opioid dose on postextubation apnea-hypopnea index (AHI) and severity of sleep apnea and whether or not inspiratory airway obstruction (ratio of maximum expiratory and inspiratory airflows at 50% of vital capacity [MEF50/MIF50] ≥ 1) during wakefulness predicts airway obstruction during sleep. Data were adjusted for age, gender, body mass index, as well as a generalized propensity score balanced for APACHE II, score for preoperative prediction of obstructive sleep apnea, duration of mechanical ventilation, chronic obstructive pulmonary disease, and a procedural severity score for morbidity. 
INTRODUCTION
Obstructive sleep apnea (OSA) affects approximately 13% of men and 6% of women in the general population 1 and is associated with respiratory complications following surgery 2 and cardiovascular death. 3 OSA is often unidentified in the surgical population. 4 Underlying mechanisms of OSA are multifactorial and include decreased motor drive to the upper airway (UA) dilator muscles during sleep 5 in the context of an anatomical vulnerability to UA collapse. 6 The perioperative period adds numerous factors that promote respiratory muscle dysfunction and UA dysfunction. [7] [8] [9] Following extubation, anatomical UA obstruction may occur as a consequence of inflammation, 10 tissue trauma (endotracheal tube), fluid overload, 11 and airway secretions. 12 In addition, opioids, which are frequently administered to facilitate mechanical ventilation, impair UA dilator muscle activity in a dose-dependent fashion. 13, 14 We tested the hypothesis that opioid dose administered prior to extubation predicts OSA during the night following extubation. Additionally, we aimed to identify patients with anatomic vulnerability for inspiratory flow limitation based on spirometry measurements. In exploratory analyses, we aimed to investigate factors that may contribute to postextubation sleep apnea such as a volume status (total body balance).
METHODS
In this prospective pharmacophysiological interaction study, we conducted polysomnography (PSG) during the first night following extubation after mechanical ventilation in intensive care unit (ICU) patients. The study was registered under clinicaltrials.gov (NCT02112604) and approved by The Institutional Review Board of Partners HealthCare (Protocol #2010P001919).
We recruited adult, nonpregnant patients who were endotracheally intubated and mechanically ventilated for ≥24 hours in the surgical ICU at Massachusetts General Hospital, Boston, MA, USA. Patients who showed signs of delirium (positive Confusion Assessment Measurement-ICU score) or received continuous positive airway pressure (CPAP) treatment after extubation were excluded. Between November 2012 and January 2016, a total of 80 patients fulfilled our restrictive a priori defined criteria and gave consent for study participation.
PSG (electroencephalography [EEG] , electrooculography, submental and limb electromyography, abdominal and respiratory effort measurements, oxyhemoglobin saturation, and nasal respiratory airflow 13, 15 ) was performed during the first night after extubation, using a type 2 out-of-center device (Alice PDx, Philips Respironics Inc, Murrysville, PA). A member of
Statement of Significance
Sleep apnea is a highly prevalent disorder associated with significant morbidity, particularly in the perioperative period. Opioids are frequently used for postoperative pain therapy and are known to have respiratory depressant effects. We show that opioids administered during mechanical ventilation increase the risk for sleep apnea the night following extubation in intensive care unit (ICU) patients. This is particularly significant for perioperative clinicians who should be aware of adverse opioids effects and their potential consequences in order to minimize the risk for respiratory complications in critically ill patients.
the study team was available via pager throughout the study night to assist with technical problems.
We performed bedside spirometry measurements to identify UA obstruction via flow-volume loops during wakefulness the day following the PSG study. Bedside spirometry (EasyOne Spirometer; ndd-Medizintechnik, Zuerich, Switzerland) was measured for three repetitive breathing trials during daytime by study staff members who were blinded to PSG results. In accordance with the 2005 ATS/ERS consensus statement, 16 we required patients not to show signs and symptoms of dementia or confusional state as these conditions are unlikely to produce optimal or reproducible results of pulmonary function testing. Before performing spirometry measurements, we tested study patients for sufficient alertness and attention by using the Richmond Agitation-Sedation Scale (clinical signs of sedation) as well as a series of 1-and 2-step instructions to ensure the patient's ability to follow the instructions given during measurements, as previously described. 17 UA obstruction during wakefulness was defined as the ratio of maximum expiratory and inspiratory flows at 50% of vital capacity (MEF 50 /MIF 50 ) ≥ 1 calculated from flow-volume loops. 19 ) were retrospectively collected from patient's charts by blinded members of the study team (ES and SF).
Sleep stages, respiratory events, and arousals from sleep were scored according to the 2007 American Academy of Sleep Medicine Guidelines by a blinded member of the study staff (SZ). Hypopneas, defined as ≥30% decrease in nasal flow curve for ≥ two consecutive breaths associated with a decrease in SpO2 of ≥3% ± arousal, were identified as obstructive (flattening and decrease in the amplitude of the flow curve with unchanged amplitude of respiratory effort signal), central (no flattening but decrease in amplitude of flow curve and respiratory effort signal, without signs of paradoxical breathing or snoring), or mixed (flattening of flow curve and decreased amplitude in respiratory effort channels) events.
We performed EEG spectroscopy during sleep (fast Fourier transformation; FFT), as previously reported. 13 Briefly, FFT was performed on all artifact-free EEG epochs visually scored as nonrapid eye movement (NREM) sleep during the entire recording. The average EEG power was calculated for β (12-30 Hz), α (8-13 Hz), θ (4-8 Hz), and δ (0.5-4 Hz) frequency bands within each individual patient, and compared between patients with and without sleep apnea.
Statistical Analysis
Spearman and Pearson correlation analyses were used to evaluate associations between exposures and outcomes for nonparametric and parametric data, as appropriate. We analyzed correlations between total morphine equivalent dose applied within 24 hours prior to extubation and the following outcomes: apnea-hypopnea index (AHI) (main outcome) and the number of central and obstructive respiratory events (apneas and hypopneas). Logarithmic transformation of the opioid dose data was used to achieve a normally distributed sample.
We also analyzed correlations between doses of propofol, neuromuscular blocking agents, benzodiazepines and AHI, as well as MEF 50 /MIF 50 and AHI.
The association of 24-hour opioid dose and severity of OSA was further studied using multivariable ordinal regression analyses including the Brant test of parallel regression assumption. We calculated the odds of having moderate-to-severe sleep apnea (AHI ≥ 15) vs. mild sleep apnea (AHI 5 to <15), and mild vs. no sleep apnea (AHI<5) the night following extubation. The regression model was adjusted for age, gender, and body mass index. In addition, the model included a generalized propensity score 20 in order to reduce bias induced by discrepancies in patient characteristics across different values of the hereby investigated continuous treatment regime (opioid dose) while accounting for the degrees of freedom available. 20, 21 This propensity score was generated from covariates identified as influencing the exposure (opioid administration prior to extubation) and consisted of the following: duration of mechanical ventilation, history of chronic obstructive pulmonary disease, score for preoperative prediction of obstructive sleep apnea (SPOSA), 8 APACHE II, and the surgical Procedural Severity Score for postoperative morbidity. 
Sensitivity Analyses
To account for a higher susceptibility for sleep apnea in patients who were diagnosed with OSA prior to study participation, we additionally adjusted for a prediagnosis of OSA.
Short sleep duration might result in a false high AHI in polysomnographic recordings. In a subgroup analysis, we excluded patients with a total sleep time (TST) of <60 minutes. We also tested whether oxygen supplementation during the study night affects our results and added this variable as covariate to our model.
Additional sensitivity analyses are presented in the online Supplementary material.
Exploratory Analyses
Fluid overload (a positive fluid balance-the difference in a patient's total fluid intake vs. output [urine, wound/pleura secretions] over a specified time frame) has been recently associated with sleep apnea in a patient cohort with end-stage renal disease. 11 In exploratory analyses, we analyzed the correlation between AHI and total body balance prior to extubation using Pearson correlation analysis.
In an exploratory intent, we also investigated the association between duration of mechanical ventilation and postextubation AHI.
Based on previous data published by our group, 13, 15 we expected a correlation coefficient of 0.4 between preextubation opioid dose and AHI. Considering an α-error of 0.05 and power of 80%, we calculated the required sample size to be 47 patients. Previous studies using PSG reported high drop-out rates; 13, 15, 23, 24 thus, we aimed to enroll 80 ICU patients.
Statistical analyses were performed with Stata (version 13; StataCorp, College Station, TX). A two-tailed p-value of <.05 was considered statistically significant.
RESULTS
Fifty-six out of 80 eligible and enrolled patients successfully completed overnight PSG after extubation and were included in the primary analysis ( Figure 1 ). Reasons for mechanical ventilation included postoperative airway protection (50%), aspiration/pneumonia (17.9%), respiratory insufficiency (23.2%), pneumothorax (5.4%), and decreased mental status (3.6%). The median mechanical ventilation time in our study was 2 (1-5) days. Baseline clinical characteristics of the study cohort according to the severity of postextubation sleep apnea are shown in Table 1 .
Sleep Apnea and Opioid Effects
Sleep apnea (AHI ≥ 5/hour) was present in 40 patients (71.4%) during the first night after extubation (AHI 20.6 ± 16.2/ hour). Nineteen (33.9%) patients had mild sleep apnea (AHI 5 to <15; AHI 9.2 ± 3.5/hour) and 21 patients (37.5%) had moderate-to-severe sleep apnea (AHI ≥ 15; AHI 28.6 ± 16.5/ hour, Tables 1 and 2 ). Of the 40 patients with sleep apnea, 35 predominantly had obstructive events and three patients had central sleep apnea. A predominant apnea type could not be determined in two patients due to poor signal quality from the respiratory belt. The median numbers of total respiratory events (apnea and hypopneas) are shown in Table 2 .
The median opioid dose administered in our study cohort within 24 hours prior to extubation was 7.7 (0-45.8) mg morphine equivalent. Patients with moderate-to-severe sleep apnea received the highest doses of opioids 25.6 (3.8-82.4) mg/24 hours, whereas patients with mild sleep apnea received 7.3 (0-40) mg/24 hours and patients without sleep apnea received 5.5 (0-24.2) mg/24 hours (Table 1) .
According to the SPOSA, 8 18 (32.1%) patients were at high risk (SPOSA ≥ 24) for OSA, whereas 38 (67.9%) patients were in the low risk group (SPOSA < 24). Despite having a baseline low risk for sleep apnea, 27 developed sleep apnea (AHI ≥ 5) postextubation.
Six patients were diagnosed with OSA prior to study participation, and four of those demonstrated sleep apnea postextubation in the ICU. Patients with known OSA received 50.3 (6.7-196.5) mg morphine equivalent and patients without a prediagnosis 6.7 (0-40) mg (marginally significant p = .08).
The logarithm of opioid dose given within 24 hours prior to extubation significantly correlated with postextubation AHI (r = 0.34; p = .01, Figure 2 ) and number of obstructive (r = 0.35; p = .01), but not with central (r = 0.19; p = .15) or mixed (r = 0.13; p = .34) respiratory events during sleep
In multivariable ordinal regression analyses, each 10 mg morphine equivalent dose increased the odds of having more severe sleep apnea (moderate-to-severe sleep apnea vs. mild sleep apnea, and mild sleep apnea vs. no sleep apnea) following extubation by 15% (odds ratio [OR] 1.15; 95% confidence interval [CI] 1.01-1.32). This effect remained stable when the regression model was additionally adjusted for a prediagnosis of OSA. In brant test, neither the exposure nor any covariates were significant, indicating no violation of the proportional odds assumption.
Sensitivity Analyses
After excluding four patients with TST < 60 minutes, we confirmed our findings of a significant correlation between log transformed 24-hour preextubation opioid dose and postextubation AHI (r = 0.37; p = .01), as well as obstructive respiratory events (r = 0.37; p = .01), but no correlation with central and mixed events. The odds for more severe sleep apnea were also increased by opioid dose (per 10 mg morphine equivalent: OR 1.16; 95% CI 1.01-1.34). The unique association between opioid dose and AHI remained stable when oxygen supplementation (OR 1.15; 95% CI 1.01-1.32) was added as a potential confounder to the model. Propofol, benzodiazepines, and neuromuscular blocking agents given prior to extubation did not correlate with AHI during the first night following extubation (p > .33).
UA Obstruction and Postextubation AHI
Pulmonary function was assessed in 31 patients using bedside spirometry measurements one day after extubation. The remaining patients were not able to complete spirometry due to difficulties performing that test, poor functional status, or interim development of delirium. Flow limitation consistent with UA obstruction (defined as MEF 50 /MIF 50 ≥ 1) was present in 10 patients (32.3%) during wakefulness. MEF 50 /MIF 50 strongly correlated with AHI (ρ = 0.59; p < .001, Figure 2 ) as well as obstructive (ρ = 0.46; p = .01), central (ρ = 0.52; p = .003), and mixed (ρ = 0.4; p = .02) respiratory events during sleep. In multivariable ordinal regression analysis, MEF 50 /MIF 50 ≥1 was a strong, independent predictor for sleep apnea (OR 6.38; 95% CI 1.21-33.56).
Exploratory Analyses
Data on cumulative total fluid balance (mL) within 72 hours of extubation were available for 35 patients. Postextubation AHI was associated with total fluid balance within 72 hours of extubation (r = 0.42; p = .01). 
Sleep Architecture
On average, study patients slept 264.1 ± 126.4 minutes (sleep efficiency 59%) and predominantly in NREM sleep stage 1 (N1; 27.6 ± 22% of TST) and NREM sleep stage 2 (N2; 62.7 ± 19.8%). Only six study patients (10.7%) reached REM sleep. Sleep cycles were fragmented with an increased number of arousals from sleep (Table 2) . Cortical EEG power spectrum during sleep did not significantly differ between patients with and without sleep apnea ( Figure 3 ).
DISCUSSION
In this pharmacophysiological interaction study, we demonstrate that the opioid dose given within 24 hours prior to extubation predicts an increased risk of sleep apnea after extubation. Inspiratory flow limitation identified after extubation in the ICU during wakefulness was strongly associated with an increased risk of sleep apnea. To the best of our knowledge, we are the first to report data on sleep apnea measured by PSG in ICU patients early after extubation, compared with previous studies performed in cohorts of non-ICU patients. Sleep apnea (AHI ≥ 5) was present in 71% of ICU patients during the first night following extubation. Similar prevalences of sleep apnea were found in 15 surgical ICU patients mechanically ventilated for ≥48 hours 25 and 25% of surgical patients without preoperative sleep apnea developed moderate-to-severe sleep-disordered breathing postoperatively. 23 Our data support that undiagnosed sleep apnea frequently occurs after surgery 4 and suggests that routine analgesics are associated with OSA early after mechanical ventilation. Most patients in our study were at low preoperative risk (SPOSA < 24) for OSA, according to a most recently developed SPOSA. 8 Despite being at a baseline low risk, 27 patients developed sleep apnea following extubation, which underscores the impact of opioid effects on the UA during sleep in vulnerable ICU patients in our study. We observed that patients in our study with a prediagnosis of sleep apnea received a much larger amount of opioids within 24 hours prior to extubation (50.
opioids to accomplish adequate analgesia, compared with patients without sleep apnea. 26 Several factors during the perioperative period promote UA collapsibility and thus may increase the likelihood for sleep apnea. 7, 9 These factors include medication effects, limited tracheal traction, supine body position, and a hypervolemic state. The latter factor has been shown to be relevant in studies of patients with end-stage renal disease 11 and is also supported by our finding that total fluid balance within 72 hours prior to extubation correlated with AHI. The pathophysiology of sleep apnea after mechanical ventilation in ICU patients may therefore be similar to sleep apnea during the perioperative period.
Sleep apnea induced by acute opioid treatment has widely been attributed to the effects of opioid on central respiratory depression. 27 However, we found that opioid administration during mechanical ventilation in ICU patients predicts obstructive rather than central respiratory events during sleep early after extubation. This could be the consequence of drug-induced decrease of UA dilator muscle and/or respiratory pump muscle activation. 14, 27 The latter would decrease expiratory lung volume and destabilize airway patency. In our cohort, opioids dose-dependently increased the risk for more severe sleep apnea per 10 mg morphine equivalent by 15%. Acute effects of opioids on airway patency have been reported during a 12-hour postoperative period in patients who were not critically ill but at high risk for OSA. 28 Postoperative opioids-even when applied in low doses-increase pharyngeal collapsibility in patients with and without OSA and thus promote sleep-disordered breathing. 13, 23 Our group recently showed that AHI dose-dependently increases by opioid dose given for postoperative pain therapy in the early postoperative period. 13 The degree of opioid-induced respiratory depression was successfully mitigated by CPAP. 13 According to these data, we speculate that noninvasive ventilation after extubation in the ICU may also help us to decrease opioid-induced obstructive events.
Opioid-induced adverse effects on UA patency are most relevant during sleep. 13 Our data suggest that a combination of opioid-induced airway dysfunction and enhanced anatomic vulnerability for airway obstruction synergistically leads to sleep apnea after extubation in ICU patients, which could be treated with CPAP. 13 We found that the observed anatomical vulnerability for increased pharyngeal collapsibility during wakefulness predicts collapsibility during sleep. 29 This may in part be the consequence of inflammatory responses from UA injury in the setting of prolonged mechanical ventilation. 30 A recent study that was conducted 5 and 60 minutes following extubation in a pediatric population reported that postextubation UA obstruction was associated with high rates of subsequent reintubation (13.6%). 31 Future studies are needed to understand the mechanisms of UA obstruction on extubation failure in the adult population.
Propofol dose-dependently increases UA collapsibility. 32 In our study, propofol dose was not associated with AHI. Propofol sedation may be a good alternative to opioid therapy to achieve patient's comfort during mechanical ventilation in patients at risk of postoperative sleep apnea. Our findings support clinical guidelines that suggest minimizing opioid use in OSA patients. 33 However, current data about the clinical implications of sleep apnea on postoperative outcomes are equivocal. 8, [34] [35] [36] Longer duration of mechanical ventilation was associated with lower rates of postextubation sleep apnea in our study. Patients who spent more time on the ventilator received lower doses of sedatives prior to extubation. Based on these data, we speculate that patients with longer intubation times may have tolerated the endotracheal tube at lower sedation levels.
Disrupted and nonrestorative sleep is common in ICU patients 24, 37 and believed to be associated with adverse outcomes. 38 In our study, average TST was 264 ± 126 minutes spent mainly in sleep stages N1 and N2, whereas slow-wavesleep and REM sleep were drastically reduced, which is in accordance with previously reported finding. 24, 37 Contributing factors include the noise of the ICU environment, medication, and postoperative pain. 36, 39 OSA is associated with delirium 40 and both can be induced by opioid infusions. 38 We excluded patients with a positive CAM-ICU since we believed that delirium-associated agitation would be critical to the successful completion of the PSG study. Future studies are needed to investigate the interplay among opioid administration, delirium, and sleep apnea.
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Strengths and Limitations
A strength of this study was the combined use of spirometry during wakefulness and PSG during sleep in a cohort of highly vulnerable and critically ill ICU patients. PSG in the ICU after mechanical ventilation is difficult to conduct as EEG, electromyography electrodes, and chest belts induce discomfort. In addition, sedatives and/or postoperative hyperactive delirium may affect polysomnographic and spirometric measurements. We used rigorous quality control criteria to minimize these effects on the data quality presented in this study. Spirometry was performed in a standardized sitting position with an angle of legs and upper body between 75 and 85 degrees. Flow-volume curves of all patients were visually displayed and checked for complete performance of inspiratory and expiratory maneuvers. The device that was used in the present study is also equipped with an internal quality assessment function that requires at least three acceptable tests and the difference between the best two FEV1 and FVC values to be equal to or less than 150 mL. In order to discriminate expected impairment of pulmonary function testing from obstruction, we used the MEF 50 /MIF 50 ratio, which is thought to provide information on inspiratory flow limitation independent from restrictive pulmonary impairment. 18, 42 We therefore believe that a patient's physical limitation potentially influencing the spirometry maneuver in our study cohort is not a bias but represents the true finding of poor spirometry results.
We performed PSG for the assessment of sleep and sleepdisordered breathing during the nighttime. Study patients slept on average for about 4.5 hours mostly in non-REM sleep stages and only one of 10 patients reached REM sleep. In addition, patients showed a high number of arousals from sleep and fragmented sleep cycles, as has been observed previously in the ICU setting. 43, 44 However, sleep fragmentation and sleep architecture in the ICU were beyond the scope of this study.
We evaluated the effects of sedatives on breathing and EEG during the study night. 45, 46 The observed δ-activity was higher than expected during normal sleep in both groups. Sedative agents increased cortical δ-EEG power in previous studies. However, in our study, cortical EEG power spectrum did not differ between patients with and without sleep apnea, suggesting that the unique association between opioid dose and AHI was not just a representation of different levels of EEG power. 47 In our cohort of critically ill patients, supplemental oxygen was applied during the study night, which was shown to improve desaturation index and AHI by a recent study. 48 Oxygen supplementation might have mitigated the association between opioid dose and AHI in a less extensive effect. Nevertheless, our results remained stable after adjusting our analysis for oxygen supplementation.
CONCLUSIONS
In this pharmacophysiological interaction study, we demonstrate that opioids received within the final 24 hours of mechanical ventilation increase the likelihood of sleep apnea in surgical patients during the first night after prolonged mechanical ventilation. Bedside spirometry identified patients with an anatomic vulnerability (inspiratory flow limitation) during wakefulness, which was associated with sleep apnea.
